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41 ABSTRACT
42 In seawater, trace metals occur in many forms: free ion, labile and non-labile complex, 
43 colloid, associated with particles, but only free ions and very labile metal complexes can 
44 cross the phytoplankton membrane and be assimilated. In this paper we review the most 
45 appropriate determination methods for those metal species, addressing particularly in situ 
46 speciation and preconcentration. Focus is on DGT-ICPMS, which is a technique that meets 
47 these criteria very well. In coastal environments, DGT probes are widely used for metal 
48 pollution monitoring, but in open ocean a carrier such as a glider, is required. In open ocean 
49 organic metal complexation has been studied using DGT-ICPMS and electrochemical 
50 methods. The use of DGTs with different diffusion domain thicknesses provides 
51 information to quantify labilities and dissociation rates of metal complex pools. Labilities 
52 of metal complexes in coastal waters appeared to be higher than in open sea. 
53
54
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62 1. INTRODUCTION
63 Coastal marine ecosystems can suffer from high metal inputs which are generally 
64 related to a variety of anthropogenic activities. However, the toxicity of each trace metal 
65 not only depends on its concentration, but also on the chemical form under which it is 
66 present in the seawater. Tetraethyl lead and methylmercury have no metabolic function and 
67 are toxic to organisms. Copper, cobalt, iron or zinc are micro-nutrients at low levels, but 
68 become toxic when their concentrations are high. For example, the toxicity effect to 
69 phytoplankton (unicellular organisms) has been correlated with the concentrations of free 
70 aquated metal ion and of the very labile metal complexes [1]. The latter are often complexes 
71 with inorganic ligands which dissociate in the diffusive boundary layer around the plankton 
72 cell [2]. 
73 In open ocean, trace metals such as Fe, Co or Mn have a totally different function 
74 on the ecosystem. They are present at very low concentrations, much lower than in coastal 
75 waters, and are limiting phytoplankton growth in the so-called High Nutrient Low 
76 Chlorophyll (HNLC) oceanic areas. Moreover, a determination of the concentrations of the 
77 labile trace metals in the marine environment is a real challenge, because the labile fraction 
78 is sometimes just a small percentage of the total dissolved burden. For example, labile Co, 
79 Mn and Fe concentrations in the Southern Ocean are at the pmol L-1 level [3]. It has been 
80 shown that the bioavailable fraction generally corresponds to free metal ions and the most 
81 labile trace metal complexes [2]. 
82 Analytical methods that allow the determination of labile trace metal complexes at 
83 low concentrations (nmol L-1 or even pmol L-1) are very limited: (1) anodic stripping 
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84 voltammetry (ASV) and (2) diffusive gradient in thin films (DGT) with inductively coupled 
85 plasma mass spectrometry (ICP-MS). A technique that is more and more applied for the 
86 determination of dissolved Fe is flow injection with chemiluminescence detection (FIA-
87 CL) [4]. It has also been sporadically applied for the determination of other metals, but it 
88 is not clear whether FIA-CL provides the total dissolved metal burden or a non-defined 
89 fraction of it. Each of the three techniques presents advantages and disadvantages, though 
90 only DGT-ICPMS allows the simultaneous measurement of all labile trace metals. With 
91 ASV, Cu, Cd and Zn can be measured simultaneously [5], while with FIA-CL a single 
92 metal is determined. In addition, ASV and FIA-CL necessitate, prior to analysis, the 
93 collection of a certain water volume. Sampling and sample handling (especially when 
94 dealing with very low concentrations as those in the open ocean) can lead to contamination 
95 and perturbation effects on the distribution of labile and non-labile species. The in situ 
96 sampling of the labile trace metals with DGT avoids these artifacts. Therefore, we will 
97 focus on DGT-ICPMS, since it is the most advanced technique for trace metal dynamic 
98 speciation in the marine environment.  
99 A variety of DGT samplers have been used, depending on the species that must be 
100 analyzed and the intended goals. Generally, agarose or polyacrylamide is used for the 
101 diffusive gel, while a series of binding can be employed, as the following list shows: 
102 Chelex-100 and SPR-IDA (e.g. Cd, Cu, Pb, Mn, Fe, Zn and Ni) [6], 8-hydroxyquinoline 
103 (e.g. Cd, Fe, Mn, Ni and U) [7], a group of thiol based resins  (e.g. Hg, MeHg) [8], Eichrom 
104 or a manganese dioxide based resin (e.g. Ra and transition metals) [9, 10], Metsorb a 
105 titanium dioxide based resin (oxyanionic species As, Sb, Mo, V, W) [10], Ferrihydrite an 
106 iron oxide based resin (oxyanionic species As, Sb, P, Se, V) [8] and ZrO based (cations 
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107 and oxyanions) [8]. For trace-metal dynamic speciation in the marine environment, Chelex-
108 100 is the most frequently used DGT resin. The DGT technique is thus particularly suited 
109 for trace metal speciation in aquatic systems, but its application in a coastal or an open 
110 ocean environment requires adapted supporting infrastructure. For example, buoys, 
111 moorings or tripods can be used in coastal areas and new tools such as gliders can be used 
112 in open oceans.
113 In the marine environment, one can consider free metal ions and various metal-
114 complex pools (Fig. 1), each with a typical lability (i.e. with a certain tendency to dissociate 
115 when the complex approaches a sink of free metal). The lability degree quantifies the 
116 current contribution of the complexes compared to the maximum one, which is complete 
117 dissociation [11]. These lability degrees can be determined by using DGTs with various 
118 thicknesses of the diffusive domain. Only free metal and highly labile metal complexes 
119 will contribute to the accumulation when using a thin diffusive domain, while thicker 
120 diffusive domains will also allow the contribution of less labile metal complexes [12, 13]. 
121 In addition, modelling of reaction-diffusion-accumulation will not only provide lability 
122 degrees of the metal complexes, but also information about their dissociation kinetics. Use 
123 of hydrogels with different pore sizes, for example open pore size (about 10 nm) and 
124 restricted pore size (about 1 nm), can distinguish between metal complexes of different size 
125 ranges [14].   
126 Figure 1. 
127 In this review paper, the use of different types of DGTs (regarding the thickness of 
128 the diffusive domain or the hydrogel pore size) in the marine environment to determine 
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129 trace metal complexes with various lability degrees is discussed. Other techniques will only 
130 be mentioned when they give more information or a better insight on the speciation, In the 
131 coastal marine area, high concentrations of toxic elements are a concern for regulating 
132 bodies, so, the capabilities of DGT to predict the accumulation of trace metals by organisms 
133 is also reviewed. The speciation in the Belgian Coastal Zone (BCZ) is included as a case 
134 study. Labile trace metal concentrations are compared to total dissolved ones, because 
135 labile and non-labile fractions can vary strongly between metals. In open sea, the greatest 
136 challenge is to determine micronutrients for plankton growth in HNLC areas: the few 
137 studies about labile trace metals in open sea that exist will be reviewed. Finally, modelling 
138 of reaction- diffusion-accumulation gives us insight in the lability of the different metal 
139 complex pools.
140 2. PASSIVE SAMPLERS 
141 2.1 General aspects
142 The DGT technique relies on controlled diffusive transport of the analyte and is 
143 either used in the water column [3, 15] or inserted vertically in sediments [16] to determine 
144 high-resolution profiles of trace element concentrations. It generally utilizes two hydrogel 
145 layers: a polyacrylamide hydrogel that is backed up by a second polyacrylamide hydrogel 
146 layer containing the metal-selective Chelex cation-exchange resin (Fig. 2). The 
147 polyacrylamide hydrogel, the filter membrane (pore 0.45 μm) covering it and the diffusive 
148 boundary layer (DBL), form the diffusive domain in which labile metal complexes can 
149 dissociate. The degree of dissociation of the metal complexes depends on the thickness of 
150 that diffusive domain. Hence, only the metal complexes, small enough to diffuse through 
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151 the gel and capable of dissociation in the diffusive domain will be assessed (Fig. 3). The 
152 amount of trace element that is bound to the resin is eluted by concentrated nitric acid and, 
153 then, quantified by atomic absorption spectrometry (AAS), X-ray Fluorescence (XRF) or 
154 Inductively Coupled Plasma-Mass Spectrometer (ICPMS) depending on the concentration 
155 level. 
156 Figure 2. 
157            The characteristics of all DGT types discussed in this paper are summarized in 
158 Table 1.Diffusion of metal complexes with fulvic and humic acid indicated pore sizes for 
159 Open-Pored DGT gels of ~10 nm and for Restricted-Pored DGT gels of ~1 nm [14]. 
160 Further in this paper, we will name the open-pored size DGT (~10 nm pore-size) with a 
161 0.8 mm hydrogel diffusion layer, the classic DGT, while the intermediate DGT has a 
162 hydrogel layer of 0.4 mm thickness and the fast or reversed DGT has no hydrogel layer. 
163 Since the thickness of the diffusive domain in the fast and intermediate DGT is smaller 
164 than in the classic one, these samplers collect a higher amount of metal in the same time 
165 of exposure. The restricted DGT has the same diffusion domain as the classic one, but the 
166 hydrogel has only a pore-size of ~1 nm.
167 Table 1
168 Figure 3. 
169 2.2 Concentration calculation
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170 Knowing the metal amount accumulated in the resin (M in equation 1), the metal DGT-
171 concentrations in the sea water can, then, be calculated using Fick’s first diffusion law in 
172 case of perfect sink conditions [15, 16]. 
173 cDGT = M g/(DM A t)                             (1)                                                             
174         
175 where cDGT is the DGT-labile trace metal concentration in the seawater, g is the aggregated 
176 thickness of diffusion domain: the filter membrane (around 0.125 mm) + the thickness of 
177 the diffusive hydrogel layer (0.8 mm for the classic and restricted DGT, no hydrogel layer 
178 for the fast DGT) + the thickness of DBL, DM  is the diffusion coefficient of the trace metal 
179 in the diffusion domain (assumed to the same in the gels and in the DBL), A is the exposure 
180 area of the diffusive layer to the sea water and t is the deployment time. The diffusive 
181 boundary layer thickness (DBL) depends on the turbulence in the aquatic system in which 
182 the DGT sampler is immersed. The typical DBL thickness is between 0.2 to 0.5 mm 
183 according to Davison and Zhang [17]. 
184 However, perfect sink conditions are not always met, such as, for example, DGT 
185 accumulation of Mn in seawater or in other solutions with high Ca or Mg concentrations 
186 [18]. In that case, Mn concentration calculations should be carried out with a modified 
187 equation 1, taking into account the competition of Mn with Ca and Mg ions for the resin 
188 sites, or via specific calibration curves of Mn (same solution composition and same 
189 exposure time as for field samples) accumulated on the DGT resin versus the Mn 
190 concentration in seawater.
191 2.3 Use of different DGT types
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192 2.3.1 Classic versus restricted DGT: 
193 Pore size of the classic DGT diffusive gel is around 10 nm, while it is only 1 nm 
194 for the restricted one [14]. This means that most large organic metal complexes such as 
195 metals bound to humic ligands cannot cross or only partially pass through the small pores 
196 of the restricted DGT [19]. Inorganic metal complexes and free metal ions are smaller, they 
197 can thus pass through the small pores and are bound to the resin of the restricted DGT. 
198 Generally, mineral colloids cannot enter the small pores, neither of the restricted or the 
199 open-pore DGT, and if they do, they generally will not dissociate in the diffusive domain. 
200 Diffusion coefficients in restricted pore size hydrogel are smaller than in open pore size 
201 hydrogel [20, 21].
202 2.3.2 Classic versus fast DGT:
203 Under perfect sink conditions, free metal arriving at the resin domain is 
204 instantaneously trapped by the resin. Fully labile metal complexes entirely dissociate at the 
205 resin-diffusive gel interface where the free metal is trapped by the resin, but the outcome 
206 of partially labile metal complexes is different: the dissociation rate constant of the metal 
207 complex and the residence time in the diffusion domain determine the extent by which the 
208 metal is trapped by the resin. The residence time in a diffusion domain of 1.125 mm (classic 
209 DGT) and of 0.325 mm (fast DGT) can be estimated with the Einstein-Smoluchowski 
210 expression:  
211 t = 0.5(g)2/D equation (2)
212 where t is the residence time in the diffusion domain, g is the total thickness of the 
213 diffusive domain (DBL of 0.2 mm; membrane of 0.125 mm; hydrogel of 0.8 mm for the 
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214 classic DGT and 0 for the fast one) and D is the diffusion coefficient of the compound in 
215 the diffusive domain.
216 Using, for example, a typical D of 2×10-6 cm2 s-1 for a metal complex, the residence 
217 time of the complex in the diffusion domain is of the order of 4 min for a fast DGT and of 
218 the order of 53 min for the classic DGT. In Anodic Stripping Voltammetry (ASV), the 
219 diffusion domains around the electrode are much smaller than for DGTs. The diffusion 
220 layer thickness is around 20 µm for a macroelectrode and 4.5 µm for a microelectrode [22]. 
221 When using a vibrating electrode during the deposition step, the diffusion layer even 
222 decreases to 1-2 µm [23]. For a diffusive layer of 20 µm, the residence time becomes 1 s, 
223 and for the vibrating electrode it is of the order of a millisecond. These residence times are 
224 by far smaller than for the DGT, hence metal complexes have very little time to dissociate 
225 and almost only free ions or extreme labile inorganic complexes will be measured. 
226 Although the above overview allows to justify the different behaviour of complexes 
227 on DGT devices with different thickness of the gel layer, this is a very simplified model of 
228 what happens. Actually, net dissociation only takes places in the reaction layer, a layer 
229 where equilibrium of the complexation reaction is not fulfilled. Differing from the 
230 behaviour in electrodes, the reaction layer in DGT devices extends to both sides of the 
231 resin-diffusive gel interface [12]. Indeed, in the diffusive hydrogel, the reaction layer 
232 usually only spans a small fraction of the gel thickness, but net dissociation and diffusion 
233 of partially labile complexes also take place in the resin domain, where they penetrate up 
234 to an effective depth depending on the thickness of the resin disc and on the dissociation 
235 rate constant [13]. It has been shown that the main contribution of the accumulation comes 
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236 from dissociation in the resin domain [24]. Quantitatively, this contribution depends on the 
237 local complex concentration in the resin and on the thickness of the reaction layer which at 
238 the end depends on the thickness of the diffusive domain. This is an easily varied parameter 
239 that it is here used to gain information on the dynamic characteristics of the speciation 
240 present. 
241 3. APPLICATION OF DGTs IN MARINE ENVIRONMENTS:
242 3.1 Coastal environments
243 In many countries, regulations exist to reduce the pollution level in coastal 
244 environments. To achieve this, pollution monitoring tools are needed and DGT samplers 
245 have been particularly tested for that purpose. 
246 3.1.1 Comparison between DGT and bio-indicators:
247 Several studies focused on the use of a DGT to mimick the biological system. The 
248 accumulation of trace metals by DGT and specific organisms such as bivalves, macroalgae 
249 or macroinvertebrates was compared: (1) In Ulsan Bay (East Sea, Korea) [25], spatial metal 
250 gradients in the seawater were much better reflected by DGTs than by mussels. In fact, the 
251 accumulation by mussels was controlled by physiological factors and partly by the diet. 
252 Thus, the result obtained with the mussels is also related to particulate metals, while DGTs 
253 only accumulate dissolved labile trace metals, which includes the fraction with the highest 
254 toxicity; (2) In Southeastern Brazilian coastal waters, labile and bioavailable 
255 concentrations of Cd, Co, Cu, Mn, Ni and Pb in seawater from Ilha Grande Bay, RJ were 
256 assessed using DGT and transplanted bivalves [26]. Labile trace metal data obtained with 
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257 the DGT technique were in most cases correlated to the bioavailable fraction in 
258 transplanted bivalves; (3) Bioavailable metals in a fjord near a former Pb–Zn mine in West 
259 Greenland were assessed using transplanted seaweed, mussels and sea snails and passive 
260 DGT samplers [27]. After a 9-day deployment period, concentrations of especially Pb, Zn 
261 and Fe in the species were all markedly elevated at the monitoring sites closest to the mine. 
262 Lead concentrations in all three species and the DGT-Pb results showed a significant linear 
263 correlation. Zinc and Fe concentrations were less correlated indicating that the mechanisms 
264 for Zn and Fe accumulation in the three species are more complex; (4) In the coastal waters 
265 of Sardinia (Italy) a comparison was made between DGTs and macroalgae as indicators of 
266 available trace metals in seawater [28]. They found that Pb and Cd levels were high enough 
267 to be of environmental concern in the whole area. A statistically significant correlation 
268 (p<0.05) between DGT-labile metal levels and those in P. pavonica (a macroalgae) was 
269 found for Pb and Cd (with the remark that for Cd, the experimental points were not evenly 
270 distributed over the entire concentration range); (5) Amirbahman et al. [29] studied 
271 mercury bioavailability for macroinvertebrates in estuarine sediments (Penobscot River 
272 estuary in Winterport, ME, USA). Their results suggest that (a) sediment MeHg is more 
273 bioavailable than inorganic Hg, (b) sediment and pore-water concentration measurements 
274 are not good predictors for the extent of bioaccumulation of Hg species, and (c) DGTs are 
275 an effective monitoring tool for the assessment of bioavailability of Hg species [29]. 
276 3.1.2 Application of the DGT in coastal waters: 
277 Current environmental monitoring programs require a relatively large volume of 
278 samples for further analysis in the laboratory. This conventional approach measures only 
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279 momentary characteristics of the environment. It also presents several problems, such as 
280 the risk of sample contamination, the difficulty of preserving samples, and changes of 
281 solute species during the period in which the samples are preserved. The examples given 
282 in section 3.2.1, prove that DGT probes (which provide Time Weighted Average 
283 concentrations) are particularly suited for metal pollution monitoring in coastal areas, 
284 although a straightforward relation with specific organisms is not always observed, mainly 
285 due to physiological factors [25, 27]. The potential of the DGT technique as a monitoring 
286 tool for labile trace metal concentrations in dynamic estuarine and coastal waters, which 
287 are complex environments, is also confirmed by several studies.
288 A study of the Gold Coast Broadwater, Australia, demonstrated that important 
289 information could be obtained from intensive sampling of physicochemical parameters and 
290 trace metal concentrations [30]. A regular pattern of variation in Cu and Ni concentrations 
291 was related to point sources, rather than due to conventional tidal estuarine mixing of end-
292 member waters. However, this approach was logistically demanding and expensive. The 
293 DGT technique was used as an alternative method due to its continual time integrated 
294 response to changes in trace metal concentrations. Significant correlations were found 
295 between 24 h DGT-labile measurements and 0.45-µm filterable measurements, on time-
296 averaged composite samples (grab samples combined every 4 h for 24 h), for Cu (n = 24, 
297 r = 0.965, p < 0.001), Pb ( n = 24, r = 0.799, p < 0.001), Zn ( n = 17, r = 0.909, p < 0.001), 
298 and Ni ( n = 23, r = 0.916, p < 0.001). DGT-labile measurements as a fraction of 0.45 µm 
299 filterable concentrations were 21 ± 2% for Cu, 29 ± 11% for Pb, 28 ± 5% for Zn, and 27 ± 
300 12% for Ni, demonstrating the speciation capabilities of DGT. Although DGT 
301 measurements were confirmed as being operationally defined regarding the lability of 
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302 measured species, DGT was still found to be very promising as a monitoring approach, 
303 particularly for dynamic estuarine waters. 
304 Speciation of trace metals (Zn, Cd, Pb, Cu, Ni and Co) within a small marine harbor 
305 of the Adriatic Sea (Rijeka, Croatia) was carried out [31]. Concentrations of dissolved 
306 metals were relatively low and comparable to, or slightly above those found in coastal 
307 Adriatic region. Compared to higher variability of dissolved metal concentrations in 
308 discrete grab sampling, a smoother temporal distribution was recorded for DGT-labile 
309 metals. The percentages of DGT-labile to Total Dissolved (TD) metal concentrations 
310 varied among metals: Cu (32-54%), Zn (45-56%), Co (52-56%), Ni (72-86%), Cd (70-
311 90%) and Pb (75-105%). DGT-labile metal concentrations predicted by speciation 
312 modeling (a NICA-Donnan model is applied for modelling of metal-organic matter 
313 interactions) were in a good agreement with the measured ones for Zn, Cd and Ni, while 
314 they are underestimated for Pb and Cu, and overestimated for Co [31]. 
315 Measurements of total, filterable and DGT-labile concentrations of nine metals (Al, 
316 Cd, Cr, Cu, Fe, Pb, Mn, Ni and Zn) have been made at five sites up to 4.2 km from a deep 
317 sea tailings outfall at Lihir Island, Papua New Guinea [32]. At each site, pairs of DGT units 
318 (one containing a 0.4 mm and the other a 0.8 mm diffusive gel layer) were deployed at 
319 three depths for 4 to 7 days. Comparison of results obtained with 0.4 and 0.8 mm thick 
320 diffusive gels at sites distant and close to the outfall (within ∼1 km) indicated a relative 
321 increase in bulk water concentrations at sites close to the outfall for DGT samplers with 
322 0.8 mm diffusive gels. The authors attributed the cause of this effect to a previously 
323 undescribed process involving diffusion of colloidal iron and aluminium oxyhydroxides 
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324 through the diffusive gel layer. Their adsorbed or occluded metals are released slowly 
325 (either through equilibration or ageing of the colloids) to be bound on the Chelex resin. 
326 There is a greater likelihood of this in the thicker gels. While kinetic effects involving slow 
327 dissociation of an unidentified metal–ligand complex cannot be discarded completely, it is 
328 considered a less likely explanation. The thicker gels have a longer residence time over 
329 which metal ions can be released. Total and filterable metal (FM) concentrations were 
330 frequently below the limits of detection (LOD) achievable by conventional ICP-AES (1 to 
331 52 μg L−1) and this limited their usefulness for assessing environmental risk and for metal 
332 speciation determination [32]. 
333 3.2 Open Ocean 
334 In open ocean, the assessment of labile trace metals with passive samplers 
335 necessitates a different approach than in coastal areas because no moorings or buoys are 
336 present there. Hence, incubation experiments on board of the research vessel are the most 
337 convenient way for that goal. In the Northwest Pacific (VERTIGO cruise) and Southern 
338 Oceans (GEOTRACES cruise), large seawater samples (15 L) were collected with ultra 
339 clean techniques following GEOTRACES guidelines recommended for the International 
340 Polar Year (e.g. Bowie and Lohan [33]; Supplementary Information). Sampling locations 
341 in the Pacific and Southern oceans are shown on a map (Figure S1). 
342 Table 2. 
343 The non-available fractions are most pronounced for Fe, Cu and Mn, as can be seen 
344 from the percentages of the labile to total dissolved trace element concentrations at the 
345 different sites in the Pacific and Antarctic Oceans (Table 2). In the Northwest Pacific, total 
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346 dissolved (TD) and labile concentrations obtained by classic DGT are very similar for 
347 several elements (Co, Cd, Ni, Pb), while for others like Fe and Cu, the labile concentrations 
348 are by far lower than the TD concentrations (Table 3). Fe and Cu are known to be mainly 
349 present in the dissolved phase as colloids or as complexes that are strongly bound to ligands 
350 and, thus, unlikely to dissociate rapidly [34]. In the Southern Ocean, the TD and labile trace 
351 metal concentrations are mostly lower than in the Northwest Pacific. The labile 
352 concentrations of Co, Cd, Ni and Pb obtained by classic DGT (~10 nm) are substantially 
353 smaller than the total dissolved ones. Restricted (pore size of ~1 nm) DGTs were only 
354 applied in the Southern Ocean and for all trace metals, except Fe, concentrations can be 
355 calculated using specific diffusion coefficients for restricted pore size DGTs [20, 21]. For 
356 those concentration calculations, a ratio of diffusion coefficients in open pored to restricted 
357 pored DGTs of 1.3 to 1.4 (this ratio varies slightly in literature depending on the applied 
358 method) was used. Labile trace metal concentrations (Table 3) obtained with the open and 
359 restricted pored DGTs are very similar at stations 1-2, except for Mn but at stations 3-4, 
360 the restricted DGT concentrations of Mn, Co and Ni are much lower than the open pored 
361 DGTs. Further studies should clarify these differences. No other speciation studies using 
362 DGTs were carried out in open ocean. However, using electrochemical techniques, some 
363 speciation or complexation studies were performed in open ocean. Analyses on frozen 
364 samples were not taken into consideration, because freezing can change the composition 
365 of the sample. Organic complexation of dissolved Fe was measured by CLE-ACSV 
366 (Competitive Ligand Exchange-Adsorptive Cathodic Stripping Voltammetry) in North 
367 Atlantic, Southern and Central Pacific oceans [35–37]. The method allows to determine 
368 the concentration of the organic ligands and the conditional stability constant of the metal 
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369 complex. With this information and the TD concentration of Fe, the percentage of organic 
370 iron complexes in the dissolved phase can be calculated. Similar studies were carried out 
371 in the same oceanic areas for the other metals with ASV (Anodic Stripping Voltammetry) 
372 or with CLE-ACSV [38,39]. Stockdale et al. [40] used these studies on dissolved organic 
373 metal complexes in open ocean to calculate their average percentages (100*(organic-metal 
374 complex concentration/total dissolved metal concentration)) and obtained following 
375 results: 98.8% for Fe, 0.052% for Cd, 89.1% for Cu, 0.75% for Zn and 0.021% for Co. For 
376 the latter metal, Noble et al. [39] found, however, near complete complexation in surface 
377 waters due to a strong biological influence on cobalt cycling. The great advantage of DGT 
378 compared to the electrochemical methods is that with DGT in situ speciation is performed 
379 while the electrochemical methods require sample handling and are time consuming, 
380 increasing the risk of contamination and of change in sample composition.  
381 Table 3. 
382 Recently autonomous gliders (e.g. Slocum glider, Seaglider, SeaExplorer) came on 
383 the market with an operating depth range that varies between a few meters up to 1,000 m. 
384 They can perform sampling missions that last from weeks to months and cover thousands 
385 of kilometers but, the commercially available instruments are not designed for the 
386 determination of trace metals in the ocean. Therefore, our SeaExplorer (SEA010 from 
387 ALSEAMAR, France) was modified and equipped with DGTs [2], (Fig. 4). Metal 
388 concentrations in the different materials of the glider were very low and leaching at neutral 
389 pH is negligible (Tables S1 and S2). Moreover, all metal surfaces including the anodized 
390 Al plates were coated with a metal free resin from Reactive Resins Ltd, Cornwall, UK.  
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391 Auto-contamination was also verified by comparing the results obtained with DGT 
392 samplers that are placed at the head and at the tail of the glider. 
393 Figure 4. 
394 In the Mediterranean Sea, two types of DGTs were applied (see cruise track on Figure 
395 S2); one using a hydrogel diffusion layer of 0.8 mm (classic DGT measuring also partially 
396 labile complexes) and the other using no hydrogel diffusion layer (fast DGT measuring 
397 only full labile complexes). The DGTs mounted at the back of the glider did not accumulate 
398 higher amounts of trace metals than those mounted at the front indicating that leaching 
399 from the glider itself was not occurring (Table 4). 
400 Table 4. 
401 Labile trace metal concentrations obtained with the classic and the fast DGT samplers 
402 are also compared (Table 4). The particularity of the technique implies that the fast DGT 
403 accumulates a higher amount of metals on the resin in the same period of time than the 
404 classic DGT, but the latter one also accumulates partially labile metal complexes which 
405 have no time to dissociate in the thinner diffusive layer of the fast DGT. For Cu and Mn, a 
406 difference is observed between the fast DGT results (only fully labile metal complexes are 
407 taken up by the resin gel) and classic DGT results (also partially labile fractions that 
408 dissociate in the hydrogel layer during sampling are bound by the resin gel). Using a multi-
409 method approach on samples from South San Francisco Bay, Donat et al. [41] showed that 
410 different labile Cu fractions were present while this was not the case for Ni. Some trace 
411 metals show a greater tendency to form a variety of labile complexes.
412 In literature, labile trace metal data in the Mediterranean Sea are not available, 
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413 however, labile Fe results (0.41 nmol L-1) obtained with DGTs on the glider [2] are in the 
414 range 0.26-2.72 nmol L-1, reported by Guieu et al. [42] for a similar area in the 
415 Mediterranean Sea and measured with FIA-CL. During several campaigns in the Southern 
416 Ocean also a good agreement was found between Fe-DGT results obtained via shipboard 
417 incubations in large sea water volumes with those obtained using FIA-CL [43]. 
418 4. CASE STUDY: BELGIAN COASTAL ZONE
419 4.1 Sampling, preparation, conditioning, storage and analyses of gel and 
420 resin
421 In a very turbid area at the entrance of Oostende harbor (51°12'55.84" N, 
422 2°55'37.20" E), total dissolved and labile trace metal concentrations were assessed. For 
423 about 2 weeks, 6 DGT pistons were hold in a plastic cage 2 m below the water surface and 
424 the cage was held with a nylon rope which was anchored to the seabed using a weight and 
425 lifted to the surface with the help of a buoy. At the start of the experiment, 500 mL of 
426 filtered seawater (0.45 µm Durapore®, HVLP grade filter membrane) were filtered and 
427 stored in a Teflon bottle acidified with 1mL concentrated nitric acid for the determination 
428 of total dissolved trace metals.
429 All gel preparations were done under clean conditions within a Class-100 laminar 
430 flow cabinet. Preparations of diffusive gels (open pore and restricted pore diffusive gels), 
431 Chelex-100 resin gel, gel conditioning and DGT storage are routine procedures as 
432 described before [15,20].
433 The metal amounts captured by the Chelex resin gel are eluted with 1 mL of 1 mol 
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434 L-1 nitric acid and further 10 times diluted. The elution factor of the trace metals from 
435 Chelex-100 was set equal to 0.8 and for Fe to 0.7 [15,16]. This solution was then analyzed 
436 with High Resolution ICP-MS (Thermo Finnigan Element II) and quantified using 
437 calibration curves of the trace metals made from appropriate dilutions of an acidified multi-
438 element stock solution (Merck, ICPMS standard XIII).  
439 4.2 Total dissolved metal concentration (TD) determinations 
440 Several methods exist for TD metal concentration determinations in seawater. 
441 Preconcentration, which is often necessary for open ocean samples, can be performed with 
442 a manual or an automated method. With the SeaFAST module (Elemental Scientific 
443 Incorporated), that can be paired with an ICPMS in online mode, preconcentration of the 
444 trace metal and removal of the salt matrix is performed in an automated way. The sample 
445 is loaded on a column after adjustment of the pH and then eluted from the column by a 
446 strong acid. The same steps can be carried out on the seawater sample in a manual way. 
447 The extract that is eluted from the column is finally analyzed by ICPMS. In case the very 
448 sensitive High Resolution ICPMS is used, a simple dilution method (for example a tenfold 
449 dilution of the seawater sample) and direct analysis by HR-ICPMS can also be applied. 
450 Calibration standards should always be matrix matched with the samples. In the Belgian 
451 Coastal Zone we used the preconcentration method in a manual way.
452 4.3 Analytical characteristics of the DGTs
453 For each type of DGT and each trace metal, the blanks and LODs of the DGTs are 
454 specific. Blanks are mainly determined by the purity of the strong acids, the filter 
455 membrane, the polyacrylamide hydrogels and the resins. During field experiments in the 
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456 Belgian Coastal Zone (BCZ) and in the Mediterranean Sea, DGT sample to DGT blank 
457 signal ratios in the elution solution of the resin gels (elution concentrations in µg L-1) are 
458 shown in Table 5. The blank DGTs have been submitted to the whole analytical procedure 
459 similar to the field samples except for the field deployment. In a similar way, a blank signal 
460 was assessed with DGTs containing ultra-pure nitric acid pre-cleaned Chelex resin instead 
461 of non-pretreated, commercially purchased resin. The latter results are included in Table 5 
462 as cleaned blank.
463 Table 5. 
464 All metals show higher ratios of field to blank elution solution concentrations in the 
465 BCZ than in the Mediterranean Sea except for Cd. In general, the ratios are higher than 8, 
466 except for Cd in the BCZ and Fe in the Mediterranean Sea. It is well-known that the labile 
467 (DGT) concentrations of Cd and Fe in seawater are low while on the other hand the blank 
468 values of the commercial resin in DGT can be high, resulting in such low ratios. However, 
469 when an acid pre-treatment of the resin is performed all blank concentrations decrease and 
470 the field to blank ratio of Fe in the Mediterranean Sea also exceeds a value of 10 [2]. During 
471 the same Mediterranean Sea cruise, the reproducibility of the DGT samplers was also 
472 investigated. For the classic (n=5) as well as the fast DGT (n=2) the relative standard 
473 deviation (RSD) for Cd, Mn, Co, Ni, Pb and Cu was below 20%. For Fe, that only could 
474 be determined with the fast DGT, the RSD amounts to 33%. During the SR3-
475 GEOTRACES cruise in the Southern Ocean [3], RSD values for the restricted DGTs were 
476 assessed. At the stations with the highest concentrations (stations 1 and 2), RSD values 
477 varied between 8% for Mn and 24% for Pb and at the stations with the lowest 
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478 concentrations (stations 3 and 4) only the RSD value of Co was much higher, due to its 
479 very low restricted DGT concentration (4 pmol L-1).
480 4.4 SPECIATION RESULTS IN BCZ 
481 First the DBL was determined (an average DBL of 0.2 mm [44] was obtained), then 
482 labile metal concentrations were calculated. Results of total dissolved (TD) and labile metal 
483 (classic DGT) concentrations at station Oostende are shown in Fig. 5. For all elements, TD 
484 concentrations are higher than their labile concentrations: Pb, Cu and Cd show the lowest 
485 percentages of labile metal (< 20%), while Mn the highest (about 50%). For each of the 
486 considered trace elements, a certain fraction of their dissolved pool will thus likely be non-
487 bioavailable to phytoplankton [34]. 
488 Figure 5. 
489
490 5. INSIGHT INTO THE METAL LABILITY OF DIFFERENT 
491 POOLS 
492 The special characteristics of the Oostende sampling site calls for a detailed 
493 analysis of the species that contribute to metal availability. Due to turbidity, metal 
494 released from suspended particles (via desorption or via dissolution) is expected to be 
495 very relevant in determining the metal availability and complement metal provided by 
496 complex dissociation.  The problem of determining which species is contributing and the 
497 extent of such contribution is challenging due to the complexity of natural systems and 
498 the limited available information. However, the use of different DGT devices with 
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499 different thicknesses of the diffusion domain provides information that can be used to 
500 quantify labilities. 
501  All metal complex species are classified into two pools: one, labelled inorganic 
502 MLin, usually for smaller molecules (i.e. with larger diffusion coefficients) and another 
503 one, labelled organic MLorg. A third pool is that of the free metal ion. The diffusion 
504 coefficients of the pools, normalized with respect to the diffusion coefficient of free 
505 metal, are in and org. The total dissolved amount can then be split into three pools: the 
506 free metal pool ,  an inorganic pool  and an organic pool . Mc inMLc orgMLc
507 (3)in orgT,M M ML MLc c c c  
508 Total dissolved metal concentrations (cT,M) in the coastal North Sea area were from 
509 (unpublished results) and in the Mediterranean Sea from [45, 46]. Percentages of free 
510 metal, inorganic complexes (identified with pool in) and organic complexes (pool org) 
511 were taken from Stockdale et al. [40,47] (about open sea waters) for the Mediterranean 
512 Sea and from the measured medians in Table 2 of Stockdale et al. [48] (about coastal and 
513 estuarine waters) for the BCZ, given the expected similitude with the DGT-sampled 
514 zones. At equilibrium, due to an assumed excess of ligand, there are fixed 
515 proportionalities between the concentrations of each pool and the free metal 






517 The kinetics of dissociation are assumed to follow a first order rate law with lumped 
518 dissociation rate constants kd,in and kd,org
Published in Trends in Analytical Chemistry 116 (2019) 92-101 reprints also from galceran@quimica.udl.cat
24
519 It has been shown [11] that, neglecting the impact of any size-fractionation due to 
520 the pore size, the DGT concentration is a summation of the labile fractions, each 
521 weighted by its normalized diffusion coefficient j. For the fast (no hydrogel), 
522 intermediate (0.4 mm thick diffusive hydrogel layer) and classic (0.8 mm thick diffusive 
523 hydrogel layer) DGTs we can use respectively equations 4 to 6:
524 (4)0 * 0 * 0 *DGT M in in ML,in org org ML,orgg g gc c c c     
525 (5)4 * 4 * 4 *DGT M in in ML,in org org ML,orgg g gc c c c     
526 (6)8 * 8 * 8 *DGT M in in ML,in org org ML,orgg g gc c c c     
527 Here j is the lability degree (between 0, for inert complexes, and 1, for fully 
528 labile complexes) for each metal complex pool (j=in or org) in the classic, intermediate or 
529 fast DGT (superscripts g8, g4 or g0). The lability degree quantifies the contribution of a 
530 given complex (or ensemble of complexes) to the flux received by the DGT in 
531 comparison with the maximum possible flux of this complex if it was fully labile. 
532 Neglecting mixture effects [49], one can approximate the true  in a mixture of ligands 
533 (or pools, in this case) with the  computed for the case where there is only one ligand 
534 (i.e. one pool). Assuming excess of ligand, the lability degree depends on the dissociation 
535 rate constant, the normalized diffusion coefficient of the complex and the thicknesses of 
536 the diffusion (g) and of the resin (r=0.4 mm) domains as derived in [12],
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538 The aggregate thicknesses of the diffusion domain (g) resulted from the summation of the 
539 filter thickness (0.125 mm), the DBL thickness (0.2 mm) and the diffusive gel thickness 
540 (0.8 mm for the classical DGT, 0.4 mm for the intermediate and 0 the fast ones).
541 Labilities and dissociation rates of the metal complex pools in the Belgian Coastal 
542 Zone were calculated for each pool and diffusion domain thickness, with equations 1 and 
543 4 to 7, the percentages of free metal, inorganic complexes (identified with pool in) and 
544 organic complexes (pool org), and using the classic, intermediate and fast DGT results. 
545 The summation of the squares of the differences between the left and right-hand sides in 
546 equations (4)-(6) was minimized, with a weighting factor 0.1 for equation (4), 0.3 for 
547 equation (5) and a factor 0.6 for equation (6), given a larger impact of the DBL-thickness 
548 uncertainty when thinner diffusion gels are used. For BCZ, fixed diffusion coefficients 
549 have been taken: in=1 (for all metals) and DML,org=3.48×10-6 cm2 s-1 [50], before 
550 correcting for the temperature of 14.5ºC. Details for the Mediterranean Sea case can be 
551 found in [2].
552 Table 6. 
553 All results for the Belgian Coastal Zone and the Mediterranean Sea are summarized 
554 in Table 6. As expected, labilities (for a given metal, sea and pool) increase when 
555 decreasing the thickness of the diffusive gel. For any metal and DGT type, the inorganic 
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556 pool is more labile than the organic one. The lability of the metal complexes seems in 
557 general in the Mediterranean Sea to be higher than in the Belgian Coastal Zone, which 
558 could suggest the presence of strong ligands coming from industrial activities in the harbor 
559 at the BCZ. Inorganic Cd, Ni, Co and Cu complexes in the Mediterranean Sea show a high 
560 lability in the classic DGT, with values around 90%. Inorganic Zn complexes in the BCZ 
561 also show a high lability in the classic DGT (99%), Cu decreases down to 68% and only 
562 half of the inorganic Pb complexes dissociate in the classic DGT. Organic Cu complexes 
563 have a similar lability in the BCZ as in the Mediterranean Sea. Finally, organic Fe 
564 complexes are more labile in the BCZ than in the Mediterranean Sea.  
565 In this review paper it is shown that lability and dissociation kinetics of metal 
566 complex pools in the marine environment can be assessed with DGT samplers attached on 
567 an appropriate support and applying models based on the continuity equation in the 
568 diffusive domain of DGT. Such information is most valuable for (1) further understanding 
569 of trace metal bioavailability and toxicity effects in polluted coastal areas and (2) 
570 determination of trace nutrients limiting phytoplankton growth in HNLC oceanic areas.
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756 Figures:  Fig. S1 and Fig. S2
757 Tables: Table T1 and Table T2
758
759 Figure Legend
760 Figure 1: Total dissolved metal pool: relation between free metal, labile and non-labile 
761 metal complex pools
762 Figure 2: Schematic representation of a classic DGT assembly (in case of the reversed 
763 DGT, the diffusive gel is omitted)   
764 Figure 3: Functioning of the DGT: A) Metal complexes are labile. B) Metal complexes are 
765 poorly labile. C) Metals are adsorbed on colloids
766 Figure 4: View of the modified SeaExplorer glider: the white circles in the nose are the 
767 DGTs
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768 Figure 5: Total dissolved (SPE extracted samples) and labile (classic DGT) trace metal 
769 concentrations at station Oostende in the Belgian Coastal Zone 
770
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Figure 1: Total dissolved metal pool: relation between free metal, labile and non-labile metal 
complex pools
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Figure 2: Schematic representation of a classic DGT assembly (in case of the reversed DGT, 
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Figure 3: Functioning of the DGT: A) Metal complexes are labile. B) Metal complexes are 
poorly labile. C) Metals are adsorbed on colloids
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Figure 4: View of the modified SeaExplorer glider
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Figure 5: Total dissolved (SPE extracted samples) and labile (classic DGT) trace metal concentrations at station Oostende in the 
Belgian Coastal Zone
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Table 1: Characteristics of the different DGT sampler types. 
Classic DGT Fast DGT Restricted pore DGT
Thickness filter 0.125 mm 0.125 mm 0.125 mm
Thickness 0.8 mm      - 0.8 mm
Hydrogel layer
Thickness 0.4 mm 0.4 mm 0.4 mm
Resin gel layer
Pore size ~10 nm      - ~1 nm
Hydrogel layer
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Table 2: Percentages of labile (classic DGT) to total dissolved (TD) trace element concentrations
  VERTIGO station K2     
         
 Fe Cu Co Cd Mn Ni Pb  
% Labile/TD 10 21 100 100 44 100 82  
         
         
  ANTAR SR3-GEOTRACES, stations # 1 & 2    
         
 Fe Cu Co Cd Mn Ni Pb  
% Labile/TD 27 35 47 61  48 45  
         
 
  ANTAR SR3-GEOTRACES, stations # 3 & 4    
         
 Fe Cu Co Cd Mn Ni Pb  
% Labile/TD 7 14 33 24  40 16  
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Table 3: Total dissolvable (TD) and labile element concentrations (classic) in the Northwest Pacific (VERTIGO) and Southern Oceans (SR3-
GEOTRACES). TD = Total Dissolved, ~10 nm respectively ~1 nm = labile fraction obtained with the classic DGT for a pore size of about 10 nm 
respectively 1 nm
Element concentrations in nmol L-1 (VERTIGO)
P Fe Cu Co Cd Mn Ni Pb
TD average 2000 3.1 1.5 0.050 0.41 1.69 4.02 0.056
STD ± 0.5 ±0.3 ±0.008 ±0.05 ±0.23 ±0.76 ±0.012
~ 10 nm average 0.30 0.31 0.056 0.40 0.74 4.04 0.046
STD ±0.08 ±0.03 ±0.005 ±0.03 ±0.08 ±0.32 ±0.005
Element concentrations in nmol L-1 (SR3-GEOTRACES, stations # 1 & 2)
P Fe Cu Co Cd Mn Ni Pb
TD average 500-1700 2.5 1.03 0.0285 0.24 4.7 0.088
STD ±0.4 ±0.15 ±0.0045 ±0.04 ±0.7 ±0.012
~ 10 nm average 0.68 0.36 0.0135 0.147 0.28 2.30 0.040
STD ±0.09 ±0.05 ±0.0020 ±0.023 ±0.05 ±0.35 ±0.009
~ 1 nm average 0.42 0.0160 0.143 0.11 2.7 0.043
STD ±0.06 ±0.0027 ±0.028 ±0.01 ±0.4 ±0.011
Element concentrations in nmol L-1 (SR3-GEOTRACES, stations # 3 & 4)
P Fe Cu Co Cd Mn Ni Pb
TD average 500-1700 2.4 0.80 0.0255 0.112 2.91 0.085
STD ±0.4 ±0.08 ±0.0040 ±0.015 ±0.29 ±0.014
~ 10 nm average 0.165 0.11 0.0085 0.0265 0.23 1.17 0.014
STD ±0.025 ±0.02 ±0.0010 ±0.0040 ±0.04 ±0.17 ±0.002
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~ 1 nm average 0.12 0.0026 0.0228 0.098 0.57 0.010
STD ±0.02 ±0.0020 ±0.0042 ±0.014 ±0.08 ±0.002
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Table 4: cDGT results obtained with classic (1.125 mm diffusive domain) and fast (0.325 mm 
diffusive domain) DGTs and at the head and the tail of the glider. Concentrations in nmol L-1
Cd Mn Co Ni Cu Fe
Head DGT-fast 0.049 0.97 0.058 2.96 0.41 0.47
RSD 6% 17% 8% 9% 9% 33%
Head DGT-
classic
0.062 1.69 0.064 3.2 0.94
RSD 14% 19% 12% 13% 19%
Tail DGT-
classic
0.061 1.25 0.062 3.1 0.73
RSD 18% 13% 13% 10% 2%
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Table 5: Sample to blank ratios in the elution solution of the resin gel (fast DGT). BCZ is Belgian Coastal 
Zone and MS is Mediterranean Sea
Mn Co Ni Cu Zn Cd Fe Pb
Sample/blank 
ratio BCZ 970 305 98 13 15 3 8 26
Sample/blank 
ratio MS 38 38 36 9 8 14 4 26
Sample/cleaned 
blank ratio MS 93 120 380 28 21 130 12 95
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Table 6: Calculated lability degrees ( and dissociation rates (kd) of metal complexes in the Mediterranean Sea and the Belgian coastal 
Zone (BCZ). cT,M is the total dissolved metal concentration (Co from Dulaquais et al. (2017) and the other metals from Ebling and 
Landing (2015) for the Mediterranean Sea and our data for the BCZ.  Percentages of each pool (free, inorganic and organic) are from 
Stockdale et al. (2011; 2015; 2016). in stands for inorganic and org for organic. Superscript g0 indicates no hydrogel layer, g4 0.4 mm 
and g8 0.8 mm hydrogel layer













nmol L-1 nmol L-1 nmol L-1 nmol L-1 nmol L
-1 s-1 s-1
Med. Sea
Cd 0.066 0.0029 0.049 0.062 0.694 - 0.89 - 0.019 -
Fe 5.54 5.3×10-13 0.47 - - 0.152 - - - 0.00043
Ni 4.9 0.49 2.95 3.18 0.88 - 0.96 - 0.089 -
Co 0.12 0.019 0.058 0.064 0.81 - 0.94 - 0.019 -
Cu 4.53 0.0044 0.41 0.98 0.70 0.14 0.89 0.36 0.018 0.00035
BCZ
Pb 0.473 0.0047 0.0458 0.0644 0.073 0.22 3.8×10-10 0.40 1.1×10-9 0.51 2.0×10-9 0.0012 5.9×10-13
Fe 205 1.6x10-9 37.3 66.6 72.9 - 0.34 - 0.53 - 0.64 - 0.00124
Ni 39.5 5.53 5.65 8.17 9.91 0.04 0.04 0.11 0.10 0.18 0.17 0.00011 6.4×10-5
Cu 27.7 0.070 3.62 7.61 8.09 0.38 0.14 0.58 0.27 0.68 0.37 0.00242 0.000297
Zn 180 10.8 33.6 45.0 50.2 0.96 0.07 0.98 0.16 0.99 0.25 1.42 0.00013
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SUPPLEMENTARY INFORMATION:
Labile trace metal concentrations in marine environments: from coastal to open 
ocean areas.
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Figure S1: sampling locations in the Pacific (K2) and the Southern oceans (1 to 4).
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Figure S2: Cruise track of the SeaExplorer glider from Isle du Levant to Corsica and back
Table S1: Composition of Al and anodized Al plates.
Al Si S Mn Fe Co Ni Cu Zn Cd Pb
% % % mg/g mg/g µg/g µg/g mg/g mg/g µg/g µg/g
anodized Al 75 4.5 18.6 0.31 2.3 1.8 33 1.6 0.36 0.11 7.5
plate
Al plate 99 0.01 0.02 0.29 1.9 1.4 24 1.5 0.20 0.08 5.2
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Table S2: Trace metals in polyurethane (PU) material and in leaching solutions.
Cd Pb Al Mn Fe Co Ni Cu Zn
PU-total µg/g 0.0038 0.022 9.1 4.0 114 0.026 0.39 0.39 38
HCl 0.1 N µg/g 0.0009 0.022 0.6 0.01 0.8 0.001 0.03 0.08 1.3
HAc 1 M µg/g 0.0001 0.009 0.09 0.01 0.3 0.0004 0.01 0.03 1.0
HNO3 1 M µg/g 0.0006 0.021 0.6 0.02 0.7 0.002 0.04 0.10 0.6
Sampling information: In the Northwest Pacific Ocean (VERTIGO cruise), pre-cleaned Teflon-
lined Niskin bottles (10 L) deployed off a Kevlar cable were used to collect surface sea water, up 
to a depth of 50 m. Additional surface samples were collected from an inflatable raft upstream 
from the ship, using clean sampling procedures. Fifteen liters of seawater were directly poured 
into a pre-cleaned high-density polymer vessel (20 L) containing 5 DGT devices (classic DGTs). 
The 20 L container was stored between 5 and 10ºC and the seawater was frequently homogenized 
by gentle shaking the container. After 12 days, the seawater in the container was refreshed with a 
new 15 L seawater sample. After 22 days, the DGT probes were then recovered, stored in sealed 
double layered plastic bags and kept at 4ºC, together with 2 blank DGT probes. At the start of the 
incubation, after 12 days and at the end of the experiment, two 0.5 L aliquots (unfiltered seawater) 
were taken from the container and stored in Teflon bottles (pH~3) for later analysis of TD trace 
metal concentrations.
In the Southern Ocean (SR3-GEOTRACES cruise), Teflon-lined Niskin-1010X bottles (5 L) were 
deployed on an autonomous 1018 intelligent rosette system specially adapted for trace metal work 
(General Oceanics, USA) and suspended on Kevlar rope. Two size fractions of labile trace metals 
were sampled: size fraction ~10 nm (open-pored DGT) and size fraction ~1 nm (restricted-pored 
DGT). The DGT experiments were run in the same way as during the VERTIGO-K2 cruise, except 
that they lasted for 7 weeks (i.e., DGTs remained in the sample solution for 7 weeks) and at a 
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temperature of 4 °C.  At the end of each DGT experiment, two 0.5 L aliquots (unfiltered seawater) 
were also taken from the container and stored in Teflon bottles (pH~3) for later TD analysis. The 
DGT probes were recovered, stored in double zipped plastic bags and kept at 4°C, together with 2 
blank DGT probes.   
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